ONC201/TIC10 is a first-in-class small molecule inducer of TRAIL that causes early activation of the integrated stress response. Its promising safety profile and broad-spectrum efficacy in vitro have been confirmed in Phase I/II trials in several advanced malignancies. Binding and reporter assays have shown that ONC201 is a selective antagonist of the dopamine D2-like receptors, specifically, DRD2 and DRD3. We hypothesized that ONC201's interaction with DRD2 plays a role in ONC201's anticancer effects. Using cBioportal and quantitative reversetranscription polymerase chain reaction analyses, we confirmed that DRD2 is expressed in different cancer cell types in a cell type-specific manner. On the other hand, DRD3 was generally not detectable. Overexpressing DRD2 in cells with low DRD2 levels increased ONC201-induced PARP cleavage, which was preceded and correlated with an increase in ONC201-induced CHOP mRNA expression. On the other hand, knocking out DRD2 using CRISPR/Cas9 in three cancer cell lines was not sufficient to abrogate ONC201's anticancer effects. Although ONC201's anticancer activity was not dependent on DRD2 expression in the cancer cell types tested, we assessed the cytotoxic potential of DRD2 blockade. Transient DRD2 knockdown in HCT116 cells activated the integrated stress response and reduced cell number. Pharmacological antagonism of DRD2 significantly reduced cell viability. Thus, we demonstrate in this study that disrupting dopamine receptor expression and activity can have cytotoxic effects that may at least be in part due to the activation of the integrated stress response. On the other hand, ONC201's anticancer activity goes beyond its ability to antagonize DRD2, potentially due to ONC201's ability to activate other pathways that are independent of DRD2. Nevertheless, blocking the dopamine D1-like receptor DRD5 via siRNA or the use of a pharmacological antagonist promoted ONC201-induced anticancer activity.
Introduction Dopamine receptors respond to the neurotransmitter dopamine. These receptors are G-protein coupled receptors (GPCRs) and can be divided into two major groups: D1-like and D2-like. The D1-type receptors (DRD1 and DRD5) generally associate with the Gα s/olf subunit and, consequently, activate adenylyl cyclase. By contrast, D2-like receptors (DRD2, DRD3, and DRD4 receptors) usually couple with Gα i/o subunit and inhibit adenylyl cyclase activity [1] . Dopamine receptors have been studied mostly in the context of neurobiology. Their role in cancer remains unclear and appears to be highly tumor type specific. In a number of cancer types, D2-like receptor activation inhibits cancer cell proliferation [2] or induces apoptosis. However, in different contexts, D2-like receptor antagonism has been shown to have anticancer effects [3] [4] [5] [6] . The mechanism of this efficacy involves, at least in part, the activation of the cAMP/PKA pathway [3] .
Computational methods have suggested that the first-in-class small molecule ONC201 may be a selective antagonist of the dopamine receptors of the D2-like class. In vitro experiments have confirmed that ONC201 is a direct competitive antagonist of dopamine receptors DRD2 and DRD3, with a K i of 3 μM [7, 8] . Patients receiving ONC201 in Phase I/Phase II clinical trials have shown a two-fold induction of serum prolactin, a marker for DRD2 receptor engagement [9] .
ONC201 (originally known as TIC10) is a promising first-in-class small molecule that we screened and identified by its ability to induce expression of the death ligand Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand (TRAIL) in a p53-independent manner [10] . ONC201 treatment results in dual inactivation of Akt and ERK, Foxo3a activation, and TRAIL induction. More recently, we and others reported that ONC201 induces an early activation of the integrated stress response (ISR), as indicated by the consequent upregulation of ATF4 and one of ATF4's transcriptional target, CHOP. ONC201's ability to provoke the ISR is dependent on two eIF2α kinases, HRI and PKR [11] . In the study reported here, we explored the possibility that the putative binding of ONC201 with DRD2 and DRD3 may contribute to ISR activation and anticancer activity.
Materials and Methods

Cell Culture
The human tumor cell lines were acquired from the American Type Culture Collection or the Fox Chase Cancer Center Cell Culture Facility. Cell line authentication was performed using short tandem repeat methodology [12] . All cell lines used in this study were confirmed to be free of mycoplasma contamination. The human lung, colorectal, liver, and prostate cancer cell lines were cultured in RPMI or McCoy's 5A medium. Human breast, glioblastoma, and neuroblastoma cell lines were maintained in Dulbecco's minimum essential medium. The ONC201/TIC10-resistant derivative of RKO colorectal cancer cells was previously described [11] . Nontumorigenic cells were cultured in Eagle's minimum essential medium. All basal media were supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin solution.
Quantitative Reverse-Transcription Polymerase Chain Reaction (qRT-PCR)
RNA was isolated using RNeasy kit (Qiagen) or Quick-RNA Miniprep kit (Zymo Research) according to manufacturers' instructions. RNA was quantitated using a Nanodrop spectrophotometer. cDNA was synthesized using a SuperScript II RT kit, while real-time PCR was performed using a Quantitect SYBR Green PCR mix. Relative amounts of target mRNA were quantitated using the 2 ΔΔCt method using GAPDH as internal control. At least three technical replicates per biological replicate were analyzed.
Immunoblotting
Cultures were washed twice with PBS, and the cells were lysed into lysis buffer (50 mM HEPES, 100 mM NaCl, 10 mM EDTA, 0.5% NP40, 10% glycerol, supplemented with 0.0001% Tween 20, 0.1 mM PMSF, 0.1 mM NaVO 4 , 0.5 mM NaF, 5 μg/ ml leupeptin, 0.1 mM DTT). The proteins were quantified with the Bio-Rad protein assay and loaded equally onto 4% to 12% NuPage SDS-polyacrylamide gels (Invitrogen). Proteins were electrophoretically transferred to PVDF membranes. After blocking with 5% BSA or 5% milk, membranes were incubated with primary antibody overnight. Subsequently, incubation with appropriate secondary antibodies labeled with horseradish peroxidase was performed. Signal was visualized using chemiluminescence detection. The primary antibodies used in this study were: antibodies against PKA substrate (cat. # 9621S), ATF4 (cat. # 11815S), CHOP (cat. # 2895S), phospho-ERK1/2 (cat. # 4377S), ERK (cat. # 9102S), and PARP (cat. # 9542S) (Cell Signaling); against Ran (cat. # 610341) (BD Biosciences); and against β-actin (Sigma). Secondary antibodies were acquired from Pierce (cat. # 31430 and 31,460).
Plasmid Overexpression
Plasmid DNA constructs were acquired from Addgene and amplified according to Addgene recommendations. Plasmid DNA was isolated using QIAprep Spin midiprep kit (Qiagen) according to manufacturer's instructions. A total of 0.5 to 1 μg DNA was transfected into cells using Lipofectamine 2000. Vehicle or ONC201 was added 24 hours later, when indicated. GFP-DRD2 expression was verified by GFP-fluorescence imaging with a Nikon Eclipse-Ti-U inverted microscope.
Knockout of DRD2 and DRD3 Expression Using CRISPR pLCV2E (Addgene #78852) was generated by PCR amplification of the C-terminus of the ORF containing eSpCas9(1.1) (Addgene #71814). PCR primers contained EcoRV and BamHI restriction sites to facilitate cloning into plasmid pLCV2 (Addgene #52961). This fragment contains the three point mutations which enhance specificity of codon-optimized SpCas9 and maintains the ORF of the polypeptide encoding puromycin acetyltransferase. The plasmid was sequence verified between restriction sites.
Single-guide RNAs (sgRNAs) were chosen using sgRNA Designer. For DRD2, RefSeq NM_016574.3 was used. On-target scores N0.6 were chosen such that several high-scoring sgRNAs could be screened using the same amplicon in a Surveyor or TIDE assay. Off-target scores were largely neglected since the eSpCas9 enzyme has low off-target rates. All s g R N A s w e r e t a r g e t e d t o s e q u e n c e s e n c o d i n g t h e 7-transmembrane domain. All chosen sgRNAs had a native 5′ G nucleotide which enhances expression from a U6 promoter and avoids potential mismatches which may limit on-target efficiency. Guides were cloned into the BsmBI site of pLCV2E, and sequence was confirmed. Sequences for single-guide RNAs and amplicon primers are as follows:
One 10-cm dish of nearly confluent HEK293T cells was transfected with 4 μg of psPAX2, 2 μg of CMV-VSVG, and 4 μg of pLCV2E-sgRNA plasmid using 30 μl of Lipofectamine 2000 in 5 ml RPMI. Six hours later, the medium was replaced with DMEM/10% FBS. Two days later, the conditioned medium was collected and centrifuged. The supernatant was used to infect HCT116, HT29, or SKNSH cells with 8 μg/ml Polybrene. After 2 days, cells were trypsinized, plated at 10% confluency, and then treated with 1 μg/ml puromycin. Cells were passaged in selective medium at least two times prior to collection for DNA isolation.
To verify knockout of DRD2 expression, DNA was isolated from pooled selected cells and untransfected cells and diluted to 100 ng/μl. PCR was performed using Accuprime PFX (Life Technologies) using touchdown PCR. The starting amplification temperature was 65°C and was decreased by 0.5°/cycle for 10 cycles. Amplification at 60°C was continued for 20 additional cycles. One microliter of PCR product was diluted and sequenced (GeneWiz). Unmodified DNA from wt cells was used as a negative control. .ab1 chromatograms were inputted into TIDE [13] (https://tide-calculator.nki.nl/) to determine indel rates.
Viability and Apoptosis Assays
Viability was assayed using the CellTiter-Glo (CTG) assay according to the manufacturer's instructions (Promega). A total of 1 × 10 4 cells were seeded in 96-well black plates and incubated for 24 hours prior to addition of agents. To assay viability by a different method, trypan blue dye exclusion assays were performed. The cells were cultured in 24-well plates, treated with vehicle or ONC201, harvested, and stained with trypan blue. Viable cells were counted using a Cellometer cell counter.
Sub-G1 analyses were performed to quantitate apoptosis. After treatment, floating and adherent cells were fixed in 95% ethanol and stained with propidium iodide in the presence of RNase A. Cell cycle profile and SubG1 analyses were performed using a Coulter-Beckman Elite Epics cytometer.
Long-term treatment effects were assessed by performing clonogenic assays. A total of 500 or 2500 cells/well were plated in 6-well plates. After 24-hour incubation, medium was replaced with that containing DMSO vehicle or ONC201. After 72 hours of treatment, fresh medium without agents was added. Cells were cultured for 7 to 10 days after ONC201 removal, with replenishment of medium after 3 to 4 days. Cells were washed twice with PBS, fixed, and stained with 0.25% crystal violet-methanol solution for 30 minutes. After washing stain off with water, plates were allowed to dry and colonies were counted manually.
Transient Knockdown Using siRNA
Cells were plated in medium with 10% FBS but without antibiotic and incubated overnight. siRNA (a pool of three target-specific siRNAs) (Santa Cruz Biotechnology) (40 nM final concentration) was transfected into cells using 9 μl Lipofectamine RNAiMax. After 24 hours, vehicle or ONC201 was added. In the case of double knockdowns, the final concentration of each siRNA was 20 nM.
Stable Knockdown Using shRNA
Five different lentiviral plasmid shRNA constructs for DRD2 (Origene) were amplified, and DNA was isolated using plasmid mini kit (Qiagen) according to manufacturer's instructions. Lentiviral particles were generated by transfecting HEK293T cells with shDRD2 DNA, packaging plasmids pCMV-VSV-G, and pCMV delta R8.2 in 2:1:1 ration. After 72 hours, lentiviral particles were collected, diluted with equal volume of media, and added to cultures of HCT116 cells. Stable transfectants were selected with 1 μg/ml puromycin. Knockdown efficiency was assessed by qRT-PCR analysis for DRD2 mRNA expression.
Statistics
Data are presented as means ± SEM. To assess the statistical significance of the differences, unpaired Student's t test with Holm-Sidak correction for multiple comparisons (maximum of three comparisons were made) was performed with P b .05 deemed as statistically significant. Measurements from three biological replicates per treatment group were compared. Unless otherwise noted in the figure legend, comparisons were made against the vehicle control.
Results
Expression and Activity of D2-Like Receptors in Colorectal Cancer Cells
Given that dopamine receptors are mostly studied in the context of neurobiology, we explored the expression pattern of the receptors across different cancer cell types. To begin to interrogate the impact of this molecular interaction on ONC201's anticancer activity, we utilized the cBioPortal for Cancer Genomics resource to assess DRD2 mRNA expression across multiple cancer types. We found that DRD2 expression is highly variable across different cancers ( Figure 1A) . By contrast, expression of DRD3 was not detectable in most cancers tested ( Figure S1 ) (http://www.cBioPortal.org) [14, 15] . We evaluated the expression of the different dopamine receptors in seven cancer cell lines, including the ONC201/TIC10-resistant derivative of RKO colorectal cancer cells, and two nontumorigenic lines ( Table 1) . The D1-like receptors (DRD1 and DRD5) were more highly expressed in the tumor cell lines than in the normal lines, as indicated by their lower delta Ct values. By contrast, the expression of the D2-like receptors was highly cell-type specific. A delta Ct value higher than 19.93 indicates that the receptor mRNA level is N10,000-fold lower than that of the housekeeping gene GAPDH. Similar to the results from using cBioportal, DRD3 expression was not appreciable in any of the nine cell types tested.
Engagement of the D2-like receptors can promote cell proliferation [16, 17] . Thus, to confirm that the expressed dopamine receptors, as determined by qPCR, are functional in the cancer cell types to be used in the study, we assayed the impact of dopamine and the selective D2-like receptor agonist sumanirole on cell viability of HCT116 and RKO colorectal cancer cells. Both dopamine and sumanirole induced an increase in cell viability ( Figure 1B) . The binding of ligands to dopamine receptors can perturb cyclic AMP (cAMP) levels as a result of alteration in adenylyl cyclase activity [1] . D2-like receptor antagonists can induce an increase in cAMP [18, 19] and activate cAMP-dependent protein kinase (PKA) [20, 21] . Thus, we assessed ONC201's effects on PKA activity. As a positive control for activation of PKA, HCT116 cells were treated with forskolin, an adenylyl cyclase activator, in the presence of the phosphodiesterase inhibitor 3-isobutyl 1-methylxanthine (IBMX) ( Figure 1C ). ONC201 treatment induced PKA substrate phosphorylation with differential kinetics in cancer and normal cell lines (Figure 1, D-E) .
Cell-Type Specific Role of DRD2 in ONC201's Anticancer Effect
To assess whether the putative binding of ONC201 with DRD2 contributes to ONC201-induced ISR activation and ONC201's anticancer effects, we modulated the expression of DRD2 and performed assays for ATF4 and CHOP expression and PARP cleavage.
We overexpressed DRD2 in two cancer cell lines that did not express appreciable levels of DRD2 (Table 1) -the colorectal cancer cell line RKO and the hepatocellular carcinoma cell line Hep3B-to assess the impact of increased receptor levels on sensitivity to ONC201. Fluorescence imaging confirmed DRD2 expression, especially in the cell membrane (Figure 2A ). Overexpressing the receptor increased the extent of PARP cleavage resulting from ONC201 treatment ( Figure 2B ).
The increase in anticancer activity of ONC201 in DRD2-overexpressing RKO cells was correlated with an upregulation in CHOP mRNA expression ( Figure 2C ). Although DRD2 overexpression increased ONC201-induced PARP cleavage in wild-type RKO cells, DRD2 overexpression was not sufficient to increase PARP cleavage in ONC201/TIC10-resistant RKO cells ( Figure S2, A-B) .
We knocked out DRD2 protein expression via CRISPR-Cas9-mediated gene disruption. DNA sequencing confirmed a high percentage of indel mutations in cells that were selected after transfecting with guide RNA #3 ( Figure S2C ). Knocking out DRD2 in HCT116 and HT29 colorectal cancer cells did not significantly abrogate ONC201's effects on cell number. In SKNSH neuroblastoma cells, the knockout of DRD2 increased the effect of ONC201 on cell count, albeit its effect was not statistically significant (P = .08 when wt SKNSH plus ON201 was compared to Guide 3 [G3] SKNSH plus ONC201) ( Figure 2D ). The D2-receptor antagonist L-741,626 decreases cell viability, like ONC201. Knocking out DRD2 partially abrogated the cytotoxic effect of L-741,626 but not of ONC201 ( Figure 2E ). Clonogenic assays confirmed that DRD2 knockout did not significantly affect ONC201's anticancer activity in HCT116 and HT29 cells ( Figure S2D ).
We explored whether the absence of a significant impact of DRD2 knockout on ONC201-induced qRT-PCR analyses can be explained by a compensatory overexpression of other dopamine receptors. qRT-PCR analyses showed that there was no increase in expression of the other receptors. Instead, expression of DRD1 was also significantly reduced with DRD2 gene deletion in HCT116 cells ( Figure 2F ). DRD4 was not detected in both HCT116 and HT29 cells, and DRD2 and DRD3 mRNAs were also not detected in G3 HT29 cells.
We have previously shown that breast cancer cells respond to ONC201 [22] . Thus, similar CRISPR/Cas-9 deletion experiments were performed with two breast cancer cell lines, MDA-MB231 and SUM149PT. Moreover, given that ONC201 has been shown to bind to another D2-like receptor, DRD3 [8] , we assessed the impact of DRD3 knockout on ONC201 anticancer effects. Similar to what we have observed with DRD2, knockout of DRD2 or DRD3 was not sufficient to abrogate ONC201's cytotoxicity in the two breast cancer cell lines ( Figure S2 , E-F).
Consequences of Transient Knockdown of DRD2 in Colorectal Cancer Cells
Although ONC201's anticancer activity cannot be explained entirely by ONC201's interaction with DRD2, we explored the contribution and potential of DRD2 antagonism as a therapeutic strategy, particularly in colorectal cancer cells. As has been previously shown [11] , ONC201 decreases cell count. Transiently reducing DRD2 expression levels using siRNA was also sufficient to cause a decrease in cell number. Nevertheless, ONC201 had a significantly greater effect on reducing cell count than DRD2 knockdown ( Figure 3A ). DRD2 knockdown was not sufficient to cause apoptosis as assessed by PARP cleavage. However, DRD2 knockdown exacerbated ONC201-induced PARP cleavage ( Figure 3B ). This increase in ONC201-induced apoptosis as a result of DRD2 knockdown was preceded by an increase in ATF4 protein expression at 12 hours and CHOP protein expression at 24 hours ( Figure 3C ). As an alternative strategy to knock down DRD2 expression, we stably transfected HCT116 cells with DRD2 shRNA. Quantitative PCR results confirmed DRD2 knockdown in the transfectants.
Moreover, one of the two clones (shRNA #43) showed a downregulation of DRD1 ( Figure 3D ). Similar to ONC201's effects, knocking down DRD2 resulted in PKA activation ( Figure 3E ). In contrast to the effect of transient DRD2 knockdown on cell number ( Figure 3A) , the growth rate of HCT116 cells was not consistently downregulated when DRD2 expression levels were stably reduced ( Figure 3F ).
These results suggest that transient knockdown of DRD2 can reduce colorectal cancer cell number, at least in part, as a consequence of the activation of the integrated stress response. 
Effects of Selective D2-Like Receptor Antagonists in Colorectal Cancer Cells
Given that transient knockdown of DRD2 decreased colorectal cancer cell number, we assessed the cytotoxic effects of other D2-selective antagonists. Although all the antagonists tested were specific for the D2-like receptor class, they had different preferential selectivity for DRD2 or DRD3. Remoxipride had similar micromolar affinities for the D2-like receptors as ONC201 ( Table 2) . Out of the D2-antagonists tested, L-741,626 and PG01037 also [23] significantly decreased cell viability. Their respective EC50s were in the micromolar range ( Figure 4A ). L-741,626 did not generally induce apoptosis (except in RKO cells) (Figure 4 , B-C) or activate the ISR, at least under the conditions tested in this study ( Figure 4D ). PG01037 also did not induce PARP cleavage ( Figure S3 shown to be cancer selective [24] . By contrast, L-741,626 had significant cytotoxic activity against normal cells ( Figure 4E ).
Effects of DRD5 Downregulation on Sensitivity to ONC201
DNA sequencing of ONC201-resistant RKO cells uncovered a missense mutation in dopamine receptor DRD5 [25] . Given that all of the cancer cell types tested in this study express DRD5 (Table 1) , we transiently knocked down DRD5 and assessed whether ONC201-induced anticancer activity would be increased. Knocking down DRD5, but not the other D1-like receptor DRD1, increased ONC201-induced PARP cleavage ( Figure 5A ). Alternatively, we assessed whether treating cancer cells with a selective D1/D5 antagonist, SCH39166 hydrobromide [26] , can increase ONC201's effects on cell viability. The two colorectal cell lines HCT116 and RKO were relatively resistant to up to 50 μM SCH39166 ( Figure  S4 ). On the other hand, the neuroblastoma cell line SKNSH and the glioblastoma cell line U251 were sensitive to 50 μM SCH39166. Nevertheless, antagonizing D1/D5 with SCH39166 significantly increased susceptibility to ONC201 ( Figure 5B ).
Discussion
The ability of ONC201 to bind to the D2-like receptor proteins, as has been observed in heterologous systems, provides an opportunity to explore the therapeutic potential of targeting these GPCR proteins in the context of cancer. There have been a number of papers that show the potential anticancer activity of D2-like receptor antagonists. In pancreatic cells [3] and glioblastoma [5] , DRD2 knockdown is sufficient to significantly reduce cell viability. Single-agent treatment with D2-like receptor antagonists has been shown to be antitumorigenic against cervical and endometrial cancer, melanoma cells [27, 28] , and breast cancer stem cells [4] . A limitation of these latter studies, however, is the lack of evidence that the effects of the antagonists were due to the D2-like receptors and not due to off-target effects. Moreover, a number of the antagonists that have been tested (e.g., haloperidol, thioridazine) have other targets aside from the D2-like receptors. By contrast, ONC201, L-741,626, PG01037, and remoxipride have not been shown to have other direct-binding targets aside from the D2-like receptors. Thus, these small molecules are appropriate tools to test the anticancer effects of D2-like receptor antagonism. We demonstrated in this study that most of the D2-receptor antagonists tested had cytotoxic effects. On the other hand, only ONC201 had significant proapoptotic effects. We explored the effect of DRD2 knockdown on the viability of colorectal cancers, in particular. We demonstrated that transient knockdown of DRD2 can reduce cell number and activate the integrated stress response. Nevertheless, the stable downregulation of DRD2 did not have significant effects on cell viability of colorectal cancer cells. Altogether, these results suggest that DRD2 antagonism by itself is insufficient for potent anticancer efficacy, at least against colorectal cancer cells. In this study, modulating DRD2 expression influenced the expression of the proapoptotic protein CHOP but not the TRAIL receptor DR5. In contrast, ONC201 induces DR5 upregulation in an ATF4-and CHOP-dependent manner [11] . The lack of upregulation of DR5 may explain in part why DRD2 knockdown alone did not induce apoptosis. It is possible that ATF and/or CHOP need to cooperate with other transcription factors for DR5 to be expressed. This is plausible given that DR5 has been shown to be regulated not only by ATF4 and CHOP but also by p53, ATF3, Elk-1, Sp1, and NFkappaB [29] . Moreover, interactions on the DR5 promoter, between different DR5 transcriptional activators, such as ATF3 and p53 have been shown [30] .
There has been increasing evidence that although D1-like and D2-like receptors mediate opposing pathways, heteromers of receptors from the two classes [31] activate distinct signaling cascades. Although ONC201's anticancer effects do not rest entirely on DRD2, we have shown that blocking DRD5 can increase sensitivity to ONC201. It is possible that knocking down or pharmacologically blocking DRD5 affects its interaction with DRD2 and, consequently, DRD2's ability to bind to ONC201.
We have shown in this study that downregulation of DRD2 whether through transient knockdown of the receptor or pharmacological antagonism can have cytotoxic effects towards cancer cells. Other GPCR antagonists, for instance, opioid receptor antagonists, have also been proposed to have anticancer activity [32] . On the other hand, we have shown that potent anticancer effects of the small molecule ONC201 are superior to other DRD2-selective antagonists. This may be attributed at least in part to ONC201's ability to engage other pathways that are not directly related to DRD2 antagonism. Nevertheless, the demonstration that blocking DRD2 can have antiproliferative activity in colon cancer cells is helpful not only in understanding the effects of DRD2-targeted drugs but also in thinking of new ways of using these important neurobiological therapeutics. 
